Introduction
The non−destructive methods of composition profiling of semiconductor materials, despite the development of diffe− rent measurement techniques, are still in the focus of many research groups. These methods are indispensable in the fast and reliable examination in the scope of mass scale produc− tion. They are also requested by the R&D laboratory for characterization of low scale and low cost fabrication of test samples and device structures.
Many well known techniques of determining the compo− sition of AIIIBV materials, such as secondary ion mass spec− troscopy (SIMS), photo−voltage spectroscopy (PVS), Auger electron spectroscopy (AES), X−ray photoelectron spectros− copy (XPS) are time consuming methods requiring expensive equipment. In some cases, they need additional sophisticated correction procedures by taking into account the specificity of the test sample, i.e., for measuring compositionally graded materials. Photoreflectance spectroscopy is the well known and widely used method for optical characterization of semi− conductor materials [1] [2] [3] [4] . Very similar to this powerful non− −destructive technique is the non−modulated photoreflectance method, named reflectance spectroscopy. This method in− volves measuring the reflectance spectrum of the structure. Because reflectance spectrum depends on the value and dis− tribution of refractive index (absorption and reflectance) in the structure, it gives information about composition of the material. As this information is embedded in reflectance spectrum, it is necessary to apply reverse modelling method.
Principles of reflectance method
The simplified algorithm for determination of structure composition from reflectance spectrum is shown in Fig. 1 . There are three factors on the input of this algorithm: mea− sured reflectance spectrum, initial description of the struc− ture containing the approximate composition and its dimen− sions (obtained from growth process description or different characterization methods) and material data (approximated refractive index and absorption spectra). Approximated refractive index spectra and initial structure description of the reflectance spectrum is calculated, based on mathemati− cal model of reflection. In the next step, theoretical and measured reflectance spectra are compared. If the condition of similarity of both spectra is satisfied, the correctness of initial description of structure is confirmed, otherwise the description of the structure must be tuned and their reflec− tance spectrum recalculated till the theoretical and experimental spectra will be in agreement.
Spectral reflectance measurement system
The measurement system for the characterization of the materials by spectral reflectance method consists of illumi− nator (halogen lamp), HORIBA Yobin Ivon grating mono− chromator, mechanical chopper coupled with PARC5301A lock−in amplifier and appropriate photodetector. Measure− ment system is shown schematically in Fig 2. The example of reflectance spectrum of double side po− lished GaAs wafer is presented in Fig. 3 . Generally, the shape of spectral characteristic depends mainly on absorp− tion and refraction. Depending on which phenomenon do− minants, we can distinguish two spectral ranges. In the first range, for the wavelength shorter than absorption, the spec− trum is influenced by both: absorption in the layers and reflection at the interfaces, while in the second one, for the longer waves, spectrum depends mainly on the phenomena of reflection. The increase in reflectance spectrum corre− sponds to the absorption edge and divides the spectra among the two spectral ranges.
In the case of multilayered structures, the reflectance spectrum may be more complex. For example, with strong scattering on the surface, which occurs for unpolished sub− strates, the increase in reflectance in the vicinity of absorp− tion edge may not be observable. Also the reflectance spec− trum of structures with layers of continuously changing composition may have additional peaks arise from graded areas, because the absorption edge depends on the composi− tion of the layers. The refractive spectrum could also be affected by interference effects that become significant in the case of heterostructures (cavities, periodic structures etc.). Since the phenomena, affecting the spectral reflec− tance characteristics, occur simultaneously and could be depended on each other, it is difficult to analyze them with− out computer aided. Although it is possible to evaluate cer− tain empirical dependence between the shape of spectral characteristic and structure of the sample, but this is only possible for relatively simple structures.
Theoretical model of reflection
Computational model used for calculation of light reflection is based on following laws ( 
l wave vectors k 1 incident wave, reflected ¢ k 1 and refracted k 2 lie in one plane Eq. (2),
where j = 1,2.
In this case, the general solution of stationary Maxwell's equations is a superposition of a plane wave incident and reflected Eq. (3). Denotation of vectors of electric and mag− netic field is shown in Fig. 5 .
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The pairs of vectors E 1 (+) , E 1 (-) and E 2 (+) , E 2 (-) corre− spond to the incident and reflected wave in the material with 
where μ 1 , e 1 and μ 2 , e 2 represent magnetic permeability and electric permittivity of materials with the refractive index n 1 and n 2 .
The energy coefficients of the reflection R and the trans− mission T for polarized light describes Eq. (6) and for nonpolarized light Eq. (7). 
Following description of multilayer medium is applied (Fig. 6) . The structure consist of J homogeneous non−mag− netic (μ j = 1) and isotropic layers with the refractive indices n j and the thickness d j = x j -x j-1 . It is also assumed that the layers j = 0 and j = J + 1 are the boundary layers designated as "in" and "out". To calculate the energy coefficients of reflection (reflec− tance) and the energy transmission factor (transmittance), we need to determine the relationship between the ampli− tudes of electric field vector of the incident E in (+) , reflected E in (-) and transmitted E out (+) wave. This can be done with transfer matrix formalism [5] [6] [7] [8] [9] . The propagation of light can be described by Eq. 8, where G is the characteristic matrix of a system, which is the product of the transmission D and the propagation P matrices of individual layers Eq. (9) . 
Transfer matrix describing the propagation of EM waves by a homogeneous layer is independent of the type of pola− rization of light, whereas transmission matrix associated with crossing the borders of each layer, depend on the type of polarization. Transmittance of the multilayer medium T G is given by Eq. (10) 
Experimental results obtained by reflectance method

Computer implementation of mathematical model of reflectance
Presented above method of calculating the amplitude coeffi− cient of transmission and reflection of the multilayer struc− ture was applied into computer software. Because the core of the method involves calculating the matrices we choose MATLAB package to implement the transfer matrix me− thod. Developed computer program calculates the transmit− tance and reflectance of solid state structures. It takes into account the type of polarization and the angle of incident light. On the basis of material data, and data describing the structure (i.e. composition, composition profile, thickness of layers) our software allows us to calculate the spectral characteristics of reflection and transmission. The values of complex index of refraction (n, k) used in simulation soft− ware were calculated based on measured data of refractive index and absorption coefficient taken from literature [10] .
The developed software has been tested on the example of the GaAs/AlGaAs/GaAs structure presented in Fig. 7(a) . AlGaAs layer acts as energy barrier for charge carriers, and formed with adjacent layers of GaAs (with higher refractive index than AlGaAs) the resonant cavity. Figures 7(b)-7(d) show the impact of the cap and AlGaAa layer thickness (corresponding to the change in physical and optical length of resonator) and AlGaAs com− position (corresponding to the change in the optical resona− tor) on the reflectance spectrum. With a change of the thick− ness of layers, the intensity of absorbed light penetrating into the sample is also changing, therefore the shape of the spectral reflectance in the short−wave depends mainly on subsurface structure of the sample. The period and ampli− tude of oscillations in spectral characteristic are modulated both by the thickness and composition of AlGaAs layer which affect optical properties of resonant cavity. The re− flectance spectrum strongly depends on parameters of the structure.
The development of modern semiconductor optoelectro− nics, in particular VCSEL lasers and detectors, would not be possible without the use of Bragg mirrors. The theory of construction of such mirrors is widely described in the lite− rature [11, 12] . The correctness of calculating reflectance spectrum was checked for the Bragg mirror consisting of 10 pairs of GaAs/AlAs presented in Fig. 8(a) . Based on theo− retical equation of Bragg's law, Eq. (12)
where t H and t L are the thicknesses of the high− (n H ) and the low−index (n L ) films. Assuming a resonant wavelength of 688 nm, and corresponding to these wavelength values of refractive indexes of GaAs and AlAs 3.786 and 3.039, res− pectively, the thicknesses of GaAs and AlAs layers should be 45 nm and 57 nm. The reflectance R of Bragg mirror con− sists of N pairs of the high− (n H ) and low−index (n L ) layers, surrounded by materials of n 0 and n s refractive index, can be described by Eq. 
The calculated by Eq. (13) reflectance of Bragg structure presented in Fig. 8 is 0 .918. The simulated reflectance spec− tra using our software are shown in Fig. 8 because the simplified calculations do not take into account the absorption of light in resonator [13] . Our software con− siders this phenomenon, because it calculates the attenua− tion of electromagnetic wave in dielectric mater, therefore allowed us the accurate modelling and designing of devices with Bragg mirrors.
Results
The algorithm for determination of structure composition from reflectance spectrum was applied for evaluation of the GaAs/Al x Ga 1-x As heterostructure presented in Fig. 9(a) . Measured and calculated reflectance spectra are shown in Fig. 9(b) . Theoretical spectrum was calculated based on PVS (photo voltage spectroscopy) measurement data. Because of differences of theoretical and experimental spectra, the optimization algorithm was applied. To match the composition and thickness of each layer, a series of 20 simulations was carried out. As an optimization parameter, the thickness of AlGaAs and GaAs cap layer were assumed. The Pearson's correlation coefficient between calculated and simulated data was applied to find the correct structure. As an additional criterion, the correlation coefficient of first derivative was used.
As a result of optimization, three structures, which cor− relation coefficients of reflectance spectra were above 0. were found [ Fig. 10(a) ]. Their reflectance spectra and first derivative of reflectance are presented in Figs. 10(b) and 10(c). The highest correlation coefficient was obtained for the structure B, while the first derivative of reflectance of measured and simulated data were the most correlated for the structure C (Table 1) . Although the correlation coefficient between measured and calculated reflectance spectra is greater than 0.8, still the accordance is weak. The disagreement between both curves comes from two factors. First, it is the inaccuracy of mathematical model, i.e., the offset between experimental and theoretical data comes from scattering phenomena on the surface of the sample which was not included in the mathematical model of reflection. Second, the fitting algo− rithm for small series of data is not effective enough, but the increase in Pearson's correlation coefficient is observed. It is possible to obtain correlation at a level of 0.95 for larger data series and automatic fitting algorithm. This will be the main objective of further work.
Conclusions
The non−modulation reflectance was presented as a promis− ing method for composition profile evaluation of epitaxial Al x Ga 1-x As/GaAs heterostructures. The theoretical reflec− tance spectra of different structures were calculated with transfer matrix formalism. Obtained results confirmed the high sensitivity of the method. The proposed algorithm for determination of structure composition from measured re− flectance spectrum was successfully applied. Although this method is time consuming, but by using of advanced nu− merical processing it may be effective and inexpensive to implement.
